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NATIONAL ADTISQRr COMMITi'JfiE iUR ASBONADTIOS 
EESEARCB ME^laElAlm^^I 

INVESTIGAPJON CEF HEAT-TRAHSEER COEBTTCIENTS IN AN AFTESBTIEflSIE 
By William K. Eoffel and Harold E. •Rai^-Pmwn 


SDM4AET 

Ths rola/biv© 1 rnp orfa ance of till© Heat— transfor modes In an eccperi- 
mental aftertumer irer© evaluated. Th.e conveotiv© Heat-transfer coeffi- 
cients near the coambustion-cliaiiiber outlet -were determined and the effects 
of three radial distrihutions of afterhumer fuel aoroBB the turbine - 
outlet annulus on the convective heat-transfer coefficient vere examined. 

The combined heat-transfer coefficient for. convection and radiation 
frcm the combustion gas to the com!buBtic»i-oham.ber vail and the over-all 
heat-transfer coefficient vere practically unaffected by the combustion- 
gas tanperature level, but they varied, in similar manner, along the 
combustion-chamber length. However, the convective heat-transfer coeffi- 
cient without afterburning was practically constant along the combustion- 
r chamber length. ■ • 

The heat transferred from the combustion gas to the coBobvtstlon 
chamber wall by nonluminous radiation varied from about one-fifth to 
one-third of the total heat transfem?ed by convection and radiation, 
depending on the radial distribution of fuel across the turbine-outlet 
annulus . 


UECRCEDUCTION 


Current afterburners require some form, of cooling system in order 
that the combust ion -chamber vail temperatures will not exceed seife 
values . Most afterburners are cooled at present by air flowing throu^ ■ 
an anmil ar cooling passage surrounding the combustion chamber. The 


design of such annxilar cooling sjnstems has been based upon heat-transfer 
data that are available in the "general literature for nonluminous radi- 
ation and for forced convection in long tubes or over flat plates . Such 
heat -transfer data may not apply, however, to the convective heat- 
transfer coefficients in afterburner combustion chambers because of ■the 
relatively Hunal i lengbh-diameter ratios of afterburners or because the 
velocity and temperature pi^flles usually differ greatly from those 


existing in the setups tised to obtain heat-transfer data in tubes and 
over flat plates. In addition, the effects of luminous radiation are 
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Accordingly, liie Lewis laljoratory of tlie HACA designed and etrten- 
siTely instrumented an experimental aftertumer for an inTestigation of 
the cooling characteristics and temperature profiles in an austual. after- 
hinmer cooled hy air flowing throu^ an annular cooling passage. Ihe 
experimental inTestigatlon provided data for the estahlishment of an 
empirical cooling correlation relating the oomhustlon-chaiaber vail tem- 
peratures near' the humer outlet to known engine performance parameters, 
and for the determination of the relative importance of the convective 
and radiative heat-transfar processes in an . af terhumer . Eeference 1 
tahulates the data of this investigation and graphically shows the 
effects of exhaust-gas temperature Level, ocmb.ust ion-gas flow, and radial 
dlstrlhution of afterhumer fuel across the turhlne -outlet annulus on 
the temperature profiles of the oamhustlon gas and of the oomhustlon- 
chamher wall. The variation of wall temperatures with the inlet cooling- 
air temperature and the mass flow ratio of cooldng air to ihe comhustlon 
gas are also shown. An empirical cooling correlation is' estahllshed from 
the data qf this aftOThumer in reference 2. Eie correlation equation 
provides a rapid and convenient means of calculating the wall temperatures 
for any ocmblnatlon of conibustion-gas flow, ocanbustlon-gas temperature, 
cooling-air flow, and cooling-air temperature without recourse to the 
fundamentals cf the heat -transfer processes. 

Tills report presents the heat -transfer coefficients for the oambus- 
tlon chamber and provides a better insist into the magnitudes and vari- 
ations of the heat-transfer processes in an afterburner. The data in 
this Import were obtained with nonlumlnous oo^ustlon, eJ.thou^ acme 
luminosity may be produced taider different conditions In other after- 
burners . . 

Becaxxse only convection and nonlumlnous radiation were present 
during this Investigation and because the nonlumlnous radiation can be 
calculated with reasonable accuracy frcm the data of reference 3, the 
convective heat-transfer coefficient has been determined and is pre- 
sented in nr> rM^ innft'nH i form on the usual Eusselt-Eeynolda number plot. 
The resulting correlations for three different radial distributions of 
fuel across the turbine-outlet annulus gOre cotmpared with the correlation 
of convective heat--transfer coefficients for turbulent flow in long 
tubes. The variations of 'the over-all heat-transfOT coefficient and of 
the ocanbined ooeffiolent for convection and radiation from the oombuB- 
tlon to the conib'ustlon-ohamber wall are shown for various stations 
along the burner length and are discussed. The heat-transfer coeffi- 
cients in the coollixg passage are not presented herein because of the 
widespread availability of such Information in the heat-transfer liter- 
ature. 
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APPARAIDS ADED EROCEDTIBE 
Test Installation 

A soheDiatlc drawing of the experimental afterhximer used In this 
cooling InTestigation Is shown in figuxre.l. The oyllndrioal ocsobustion 
ohamher was fahrloated of l/l6-lnoh-thiok Inconel and had a length of 
5 feet from the flame holder center line to the exhaust nozzle inlet and 
an inside diameter of 26 inches. The annular cooling passage was 
1/2 inch in height and was insulated with 1 inch of refractory cement. 
The flame holder had a single T-gutter with sinusoidal corrugations on 
the trailing edge. The T-gutter had a mean diameter of 18 inches, a 

3 ^ 

mean width across the corrugations of ly inches, and an included angle 

of 35 . The "blockage at the downstream face of the flame holder was 
about 23 percent and the velocity at the flame holder under the con- 
ditions of the investigation was approximately 480 feet per second. 

Twelve radial fuel-spray "bars were equally spaced circumferentially 
in a plane 8.75 inches downstream of the tiirhlne flange 13.25 inches 
upstream of the flame-holder center line. Three different configurations 
(12 spray "bars per configuration) of spray "bars were iised to study the 
effects of various radial fuel distributions on the correlation of the 
conveotive heat-transfer coefficients for the gas aide of the combustion- 
chamber wall. Configuration A (fig. 2) produced a nearly uniform fuel 
distribution. Configuration B increased the fuel concentration near the 
comfaustion-chaniber wall and decreased the fuel flow in the center of the 
combustion chamber. Configuration C concentrated more fuel at the cen- 
ter and decreased the concentration near the cambust ion-chamber walls. 


Instrumentation 

Extensive instrumentation was provided at six longitudinal stations 
(fig. l) B, C, B, E, E, and G, with four of these stations, C, D, E, and 
F, having six circumfea?entlal groups of instrumentation. (Details of the 
instznmentation are given in reference 1.) 

Because of the large nuinber of thexmocouples, four fli^t recorders 
were used to reduce the recording time while maintaining equilibrium con- 
ditions . The transverse temperature profiles of the combustion gas at 
station F were obtained qualitatively by means of a vertical rake having 
seven sonic-flow-orif ice temperature probes (reference 4) . In this 
report, the temperatures of the combustion-chamber wall and of the cool- 
ing air at each station are arithmetic averages of the respective tem- 
peratures measured at six equally spaced positions around the circumfer- 
ence of the burner. The estimated over-all accuracies of the individual 
temperature measurements are as follows : 
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Wall temperature, • • +15 

Coolinig air, I . . +-10 

Exhaust-gaa temperattire, °F +50 

Transverse temperatxnre profile, +TS0 


Eange of Test Data 

The afterhumer used in this InTestlgation incorporated the hest 
available esperlmental design infamatlon for high performance. Pre- 
liminary tests vere conducted on a similar •uninstrumented afterburner to 
confirm, that the afterburner configuration for 'this investigation liad 
hl^ perfomnance and good operating characberlstloB over a -vride range of 
fuel -air ratio and altitude. The final geometry of the -turbine -diffuser 
inner cone and flame holder in combination vith 'the fuel-spray bars pro- 
ducing apprarlmately uniform, distribution of fuel abz*oss the ticrbine 
annulus is designated configuration A. The various combinations of con- 
ditions investigated are tabulated in the following table: 


Configuratlpn 

Altitude 

ErhatiBt- 


(ft) 

gaB 

teonperatiire 

^8,1 

(9R) 


lombustlon- 
gas f low 

(ib/seo) 



Inlet 


cooling-air 

.... 

te(ag>erature 
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Hie mass flow rate of cooling air and tlie inlet cooling-air temper- 
ature a?a,,0 systematically yaried wtile all other quantities were 

held, constant. 

Configurations A, B, and C differed only in the radial distrihutlon 
of fuel across the turhine annulus . The data presaated aire for a simu- 
lated fli^t Mach number of 0.52^ rated engine speedy and an afterburner- 
inlet (turbine -out let) temperature of 1633 +12° E. !Ehe data were 
obtained at ccanbustlon -chamber static pressures of 750 to 1400 pounds 
per sqiiare foot absolute. The fuel-air ratios ranged from 0.031 to 0.066, 
and afterburner ccaibustion efficiencies were about 0.90 to 0.95. 


AEALYSnS 

Frequent obserratlons were made of the flame during this inyestiga- 
tion, both into the combustion chamber from the exhaust end and frcm the 
side of the exhaust Jet. The flams was translucent and yarled for the 
range of test conditions from a’ ligjht blue yiqlet to turquoise with no 
yellow luminosity. Because the flame was nonluminous (see reference 5 
for the definitions of nonluminous and luminous radiation), heat transfer 
from the combiistion gas to the combustion chamber walls was due to forced 
conyectlon and nonluminous radiation only, in this afterburner. Howeyer, 
luminous radiation has been observed in other afterburners during actual 
take-off conditions and in laboratory inyestlgations of combustion at 
ccmbvistion -chamber pressures of app 2 ?oxlma.tely two aianospheres 


' The following analysis is based on one-dimensional flow. All temper- 
atures are considered to ‘be total temperatures because the thermocouples 
used had recoyery factors of about 0.85 and the ratio of static to total 
temperatures was always greater than 0.95 (Mach numbers of 0.5 or less). 
Negligible errors result in the calculation of the radiant heat transfer 
eyen though radiation is a function of the static temperature. It is 
also assumed that radiation gained by the wall from a higher temperature 
region downstream is balanced by the radiation lost to the cooler regicn 
upstream of a giyen station. Hn effect, this assumption places radiation 
on a one -dimensional basis like the conyectlye heat transfer so that the 
temperature differences at a station can be used Instead of log mean tem- 
perature differences oyer a finite length of the combustion chamber . 

Oalculatlon of dq/dA . - The heat flux per unit area of the oombustlon- 
ohamber wall was calculated frcm the equation 


dA 


3600 


W. 


jtD 


dx 


( 1 ) 


(All symbols are defined in the appendix.) The derlyatlye dTg^/dx for 
eacli s'fca'blon along *blie "biiirner length, ■was measured, fron f al3c*ed ou^rves of 
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ooollng-alr teanperature against the distance dcnnastream of the flame 
holder (fig. 3) . 

Calonlatlon of heat~transf er coefficients . - The heat flux per unit 
area of the oamtoustloQ-chaniber wall at a glTen station is also given hy 


^ s xj(t -T ) 
cLA. g 

or the oYSr-all heat -transfer coefficient TJ is 

^ - V^a 


( 2 ) 


(3) 


The heat transfer per unit area of .the* wall hj forced convection and non- 
luminous radiation from the ccaibustion gas is 

e hg(Tg-T^) + o 6^ (4) 

Eearranging equation (4) gives the ocmbined heat -transfer coefficient 


^,g “ 


(5) 


vhexe 




8 


es a 6, 






( 6 ) 


and is the heat -transfer coefficient for nonluminous radiation. When the 

emiss ivity c_ and the absorptivity ct. are Icnown, the convective heat- 
g g , . 

transfer coefficient, can he obtained from equation (4) as 


g 


dq/dA - 




(7) 


The ©mlas ivity absorptivity vere calculated for station F, from 
oliarts in reference 3, vliere tlie combustion process is complete enough 
that the partial pressures of the carhon dioxide and of the water vapor 
in the oonibuBtion gas can he computed from the total fuel -air ratio and 
the local static pressure in the ooiabustlon chamher. The equivalent 
heam lengbh for radiation was taken as 0.85 times the comhust ion -chamher 
diameter. 

In the correlation of the convective heat -transfer coefficient, the 
physical properties of air were used irt the Husselt nuniber, Reynolds 
number, and Prandtl number. The physical properties were evaluated at 
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■Kh.e film temperature. Tf, ‘ttiiicli is the arithmetic mean of the hulk gas 
temperature at the wall temperature The viscosity wjifl speci- 

fic heat at constant pressure were taken from, table n of reference 6. 
Thetmal conductivity was assumed to he proportional to the square root 
of the film temperature as in reference 7, with the constant of propor- 
tionality being evaluated at a temperature of 500° H. 


Longitudinal distribution of comhustion gas temperature . - Heat 
transfer depends on temparature differences enri hence upon a knowledge 
of the temperaturas of the ocmbustion gas, cambustion chamber wall, 
cooling air. The longitudinal distribution of combust ion -gas bulk tem- 
perature was not measured directly in this investigation so that it was 
necessary to compute the combustion-gas temperatures at each station from 
^ equation relating the combustion gas to the known tCTiporaturee at the 
burner inlet and at the exhaust-nozzle outlet. It was found in refer- 
ence 2 that the longitudinal distribution of static pressure in the 
combustion chamber of this investigation could be calculated quite 
accurately when the longitudinal distribution of combustion-gas bulk 
teanperature was given by the equation 




sin 


S. £ 

2 I 


( 8 ) 


liquation (8) is therefore used in this raport. 


EESDLTS AMD DL3CUSSI0H 

The convective heat -transfer coefficient at station W is presented 
first and the effects of radial distribution of afterburner fuel on the 
convective heat-transfer coefficient -are disoussed. Ttie effects of 
several parameters on the combined heat-transfer coefficient for con- 
vection and radiation on the gas side of the wall and on the over-all 
heat-transfer coefficient are then shown to provide a better insight 
into the variaticai and magnitudes of the heat -transfer processes. 


Convective Heat -Transfer Coefficient at Station F 


Configuration A . - The convective heat -transfer coefficient hg at 

station F was calculated from equation (7) and is plotted in the usual 
non-dimensional manner in figure 4. The abscissa is a modified Reynolds 


number . Pf 


YvL on 

— ^ -vdilch is equivalent to — where the temperature 


^if 


Pf Tf’ 


ra^bio ooMTecbs "bli© density to film, conditions • Th.© effects of combiist ion- 
gas temperature level (fuel-air ratio) are randoou and witliin tJie scatter 
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of the lata. For configuration A the data points lie within +0.15“ of the 
line representing the equation ; - ■ • 



Equation (9) gave the heat correlation of experimental convective heat- 
transfer coefficients In reference 7 for subsonic flow of air In amjooth 
tubes at high surface and fluid temperatures. 

The transverse temperatiire profiles at station F for configuration A 
are shown In figure 5 for a reinge of ocaobustion-gas temperatures . The 
shape of these profiles approached the shape occurring with fully 
developed turbulent, flcyw, especially as the temperature level was 
increased^ and probably contribute to the goe aS>^3€iment between the 
heat-transfer coefficients of configuration A and, equation (9) . 

Stffect of radial fuel distribution . - The effects of two extremes 
In the radla,! distribution of afterburner fuel, on the convective heat- 
transfer coefficient eire shown In figure 6 for a modified Heynolds num- 
ber of 540,000. The! Eusselt number, and ccnsequently the convective 
heat-transfer coefficient hg, for configuration B was about 53 pei^ent 

higher than for configuration A, whereas the Eusselt number was about 
40 percent lower for configuration C. This ylie range in Nxisselt nuniber, 
or In the convective heat-transfer coefficient, Is attributed to the 
differences in the transverse profiles of the oamhust Ion-gas temperature 
and ocaasequently In the teioperature gradients in the boundary layer for 
each fuel distribution because the bulk temperature and wall temperature 
were maintained at 3000° and. 1510° E, respectively, for configurations B 
and C. 

tv>a transverae temperature profiles at station F for configurations B 
and 0 are shown in figure 7 for a comhiiistiQn gas' temperature of 3000° E. 
The fuel distributlona of configurations B and 0 resulted In quite dif- 
ferent temperature profiles than for. fully developed turbulent flow. 
Configuration B Is characterized by high gas temperatures near the wall 
and configuration 0 by lower gas "temperatures near the wall. Thus fuel 
distribution has a powerful influence on transverse temperature 
profile end consequently on convective heat tremsfer. The vertical 
scatter in the data In figure 6 may be caused by small variations In the 
fuel distribution. Configuration A ^ve high performance with good 
operating characteristics over a wide range of operating conditions, 
whereas configurations B and C had poor performance and undesirable, 
operating or cooling (daaracterlstlos . The simultaneous achievement of 
hlg^ performance and good operating characteristics requires a certain 
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combination csf fuel' distribution and flame -holder design. 32he latitude 
of these combinations is relatirelj small, and in rlev of the results of 
figure 6, it is believed that equation (9) can be -used to oaloulecte the 
convective heat -transfer coefficient near the ccanbustion-ohambfflr outlet 
in other hi^ -performance afterbinmers . 

The transverae profiles of total pressure at station F were examined 
to determine whether the pi'essure profiles could be used in foretelling 
the ter®erature. profiles for the purpose of adjusting the constant of 
proportionality in equation (9) for various fuel, distributions . The 
ratio of the total pressure to the static pr^sure at the wall is shown 
against the burner diameter in figure 8. The profiles give no hint of 
the differences in the temperature profiles. Some correspondence ml^t, 
however, have been found if the static pressure profiles had been 
available. - . . . . 


Combined Heat -Transfer Coefficient 

The variation of the combined heat-transfer coefficient hg + tj.^g 
with the difference between the temperatures of the combustion gas and 
of the ocmbustion-ohamber wall is shown in figure 9 for stations C 

to F. The data points are for an inlet cooling-air temperature of about 
520° E with a varying mass -flow ratio (tailed symbols) and for a mass- 
flow ratio of about 0.144 and varying inlet cooling-air teo®erature (no 
tails) . A s ing le curve resulted for each station within the scatter of 
the data for the range of ooaBbustion-gas temperatures investigated wheh 
the combustion gas flow was constant. The combined heat-transfer coeffi- 
cient increased at a decreasing rate as the tempera.ture difference 
Tg-Tjf was increased. Decsreaslng the flow*rate of combustion g/ae resulted 
in similar curves of decreased value for each station (fig. 9). 

The faired curves of the combined heat-transfer coefficient 
hg + hr^g from figure 9 are _croes plotted in figure 10 with the temper- 
ature difference Tg-T^ as a parameter and a combustion-gas flow of 
22.3 pounds per second. Typical longitudinal distributions of the com- 
bined coefficient hg + h;p^g are shown by operating lines for typical 
longitt^in^-l distributions of combustion-chamber wall temperature corres- 
ponding to ccmbi^t ion-gas temperatures at station F of 3000° and 3500° E. 
The operating lines are similar in shape and have approximately the same 
mafflitude . Along the operating lines the combined coefficient hg + hr, g 
decreased from about 22 to a minlimm of ab’ouf 17 Btu per hour per square 
foot per degree, at a dist^ce 26 inches downstream of the flame holder, 
after which the value increased to about 26 at station F. Nonlumlnous 
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radiation is sll^t during the initial decrease of hg -t- h^. g so that 
the trend of the operating line primarily represents the variation of 
hg vlth distance downstream, of the flame holder. She cc^ustiou chamber 
may be campared with the entrance region of a large pipe, where the con- 
vective heat-transfer -coefficient is known to decrease rapidly in the 
first diameter of length and less rapidly in the eucceedd^ diameters 
until fully developed turbulent flow is eetatlisHed. The "entrance" 
effect was accentuated in the afterburner of this investigation because 
the bluff inner cone resulted in a hi^er mass flow per unit area (or 
Reynolds. HWhber) at the burner inlet than at tS© buraer 
increase in hg + hj.^g in the last hailf..Qf . the,< 5 QiS&^tI^ (diam^ is 
due to the increases in the nonlumlnotiB radiation and in the convective 
heat-transfer coefficient as tdie_temperatiure gradients near the wall 
increase. ^ 

Eranllnatlon of the convective heat-transfer coefficient for non- 
afterbumlng data points revealed that the coefficient hg (negligible 
noonlumlnouB radiation) was practically constant along the combustion- 
chamber length. The average value of hg without afterburning in this 

particuleir afterburner was 23.5 Btu per hour per squasre foot per degree 
for a cambustlon gas flow rate of 22.3 pounds per second. Thus, without 
afterburning, the ooefficlent hg exceeded the afterburning value of 
the combined coefficient hg + hj,^g fcxr configuration A for the first 
44 inches downstream of the flame holder (see fig. 10). This unusual 
effect is attributed to the perslstanoe of a low “Velocity core in the 
wake of the bluff inner cone, without aftacburaing as far downstream as 
station F which resulted in a hl^er effective mass flow per unit area 
(or Reynolds number) near the wall. The low velocity core is illustrated 
by the tiansverse pressure profiles of figure 11. The transverse vari- 
ation of the ratio, of . total pressure fg^F static pressure Pg y 

at the wall is shown for a range of burner inlet temperatures from 
1182° (nonafterbuming) to 1636° R. The pressure ratio I'g^F/Pg F 
hl^er near the walls and reaches a minimum at the center . The ml nl mnTn 
is lowest for nonafterbuming and increased nearly linearly as the 
bumer-lnlet temperature was Increased to 1636° R. Thus the low-veloolty 
wake of the inner cone without afterburning maintained the effectively 
hl^ mass flow per unit area (or Reynolds number near the burner wall) 
ssisting at the burner inlet. The effective mass flow per unit area 
at station F was decreased, however, with afterburning by the esjiansion 
of the burning gas into the center cf the burner. 


Over-All Heat-Transfer Coefficient 

The variation of the over-all heat-transfer coefficient U across 
the oombuBtion chamber wall, with the mass flow ratio is shown 
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In figure 12 for configuration A and a combuation-gae flow of 22.3 povmiis 
per second. At each station, the coefTicient IT increased gradually 
with decreasing rate as the mass -flow ratio was increased. Ihe recipro- 
cal of the combined heat-transfer coefficient is the controlling resis- 
tance to heat flow and thus makes the over-all heat-transfer coefficient 
less sensitive to changes in mass -flow ratios approaching 0.20. 

The over-all heat -transfer coefficient is shown in flgiure 13 as a 
function of the difference between the temperatures of the combustion 
gas and of the cambustion-chamber wall.. Figure 13 is similar to fig- 
ure 9 for the combined heat-transfer coefficient. The data points are 
for an inlet cooling-air temperature of about 520° E with a varying mass- 
flow ratio (tailed symbols) and for a mass -flow ratio of about 0.144 and 
varying inl^ ooollng-alr temperatxire (no tails). A single curve resulted, 
within the scatter of the data, for a constant oombustlon-gaa flow over 
the range of combustion-gas temperatures inv^tigated. The over-all 
heat-transfer coefficient increased gradually with decreasing rate as 
the temperature difference ®g-^Ew increased. Decreasing the 

combustion-gas flow resulted in similar curves of lower value for each 
station (fig. 13). 

A cross plot of the faired curves of U from figure 13 for a 
ocanbustion-gas flow of 22; 3 pounds per second against distance down- 
stream of "Hae flame holder is presented in figure 14. 3^ical longi- 
tudinal variation of U is shown by operating lines for typical longi- 
tudinal variations of wall temperature coErrespondlng to conibustion-gas 
temperatures at station F of 3000° and 3500° E. The operating lines 
are similar in shape and Tiave approximately the same magnitude. The 
longitudinal variation of IT is quite similar to that of the combined 
heat-transfer coefficient hg + hj. g because the reciprocal of the 
latter coefficient is the controlling resistance to heat transfer across 
the ccoibustlon -chamber wall. 


Eelative Magnitudes of Convective and Eadiant Heat OJranafer 

Typical values of the heat transfer coefficients have been tabulated 
for station F at an average wall temperature 22^ of 1510° E in the 
following table: 
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Configuration 

Conibustion- 
gas flow 
(Ib/sec) 

Heat-transfer coefficients 
(Btu/(hr) (eq. ft) (°R) ) 



^8 

^,8 


U 

A 

22.3 

18.5 

6.0 

24.5 

17.5 

A 

13.8 

12.3 

4.2 

16.5 

11.5 

' B 

22.3 

27.0 

6.0 

33.0 

21.0 

C 

22.3 

10.6 

5.8 

16.4 

12.5 


Ehe changes In radial dlstrihuttcai of fuel affected the ratio of 
radiant to conveotlve heat transfer. The heat tianaferred hj nonltaulricms 
radiation .vas about one-fourth, one-fifth, and one-^thlrd of the toteJ. 
heat transf aired to the wall, for configurations A, B, and C, respectively. 
The ratio of the over-all heat -transfer coefficient to the combined heat- 
transfer coefficient, was affected only sil^tly hy variations in the 
radial dlstrihutlcm of fuel. The over-all heat-transfer coefficient was 
approximately 0.7 of the combined coefficient for the three fuel distri- 
butions tested. 


COMCLTIDIIKS- HEStABKS 

The heat-transfer coefficient .^8 for convection between the ocm- 
busticn gas and the cambustlon-ohamhar wall for the fuel distribution 
providing the best afterburner performance was correlated within 
+15 percent by a modified correlation equation for subsonic flow of air 
In smooth tubes at hi^ surfeioe and f Iviid temperatures. 

The investigation of the variation of radial distribution of after- 
burner fuel across the turbine -outlet annulus gave values for the con- 
vective heat-transfer coefficient that were 53 percent hi^er to 40 per- 
cent lower than the convective coefficient >8., for the best fuel dis- 
tribution, but perfo rmanc e was poor. The simultaneous achievement of 
high performance and good operating characteristics requires a certain 
oamblnation of fuel distribution and flame-holder deslgi. The latitude 
of these oombinatlans Is relatively small so that It Is believed that the 
correlation presented for the convective heat -^transfer cdeffioient is 
generally applicable to the combustlon-chambef outlet for other hi^- 
performance afterburners. 

Tbft combined heat-transfer coeffloient for convection and radiation 
frcm the ocmbustion gas to the wall the over -all heat -transfer coeffi- 
cient decreased to a Tn^n^TmT>lr^ about halfway along the combustion-chamber 
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lengbli and then increased toward tlie oom'bus t lon-diaBiber outlet. For 
typical longltudlnail distributions of oomibustlcci-oliajiiber wall tempera- 
ture, the magnitudes and longitudinal Tariation of 'ttie conibined lieat- 
transfer coefficient and the over-all heat -transfer coefficient vere 
practically unaffected by the ocmbustion-gas tea 2 perature level for the 
same oosabustion-gas flow. . . 

!Ehe convective heat-transfer coefficient without afterburning was 
practically constant along the oombuBtion chamber length, with a value 
that corresponded to the combined heat -transfer coefficient for convec- 
tion and radiation at the burner inlet with afterburning. 

In the afterburner of this investigation, heat was tranafeiured 
from the combustion gas to the cambiist ion-chamber walls by forced con- 
vection and nonlianlnous radiation only. Ihe heat transferred by non- 
lumlnous radiation varied from about one -fifth to one -third of the total 
heat transferred by convection and radiation, depending on the radial 
distribution of fuel across the turbine-outlet annulus . 


Lewis Plight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APEEHDIZ - SIMBOIS 

Hie following STmbols are used. in this report: 

A lieat transfer surface area, eg. ft 

Op specific lieat at constant pressure, Btu/(l'b)(®R) 

D oombustlon-atiamber diameter, ft 

G mass velocity of oonibustion gas, l'b/(Beo)(sg ft) 

h. lieat-ti^ansfer coefficient, Btu/(hr)(sq. ft)(°B) 

k tlxemiial ocrnductlvlty, Btu/ (hr) (ft) (°E) 

L distance from, flame -h-older center line to ecrhaust -nozzle eodLt, 

ft (6.21 ft for this afterburner) 

P total pressure, Ib/sq. ft abs 

p static pressure, Ib/sq. ft abs . 

q. heat flow rate, Btu/br 

T bulk: total temperature or wall tempei^ature, 

Tf film temperature, arithmetic mean of bulk: and wall temperatures, 

9R 


u 

over-all heat-transfer ooefflolent. 

Btu/ (hr) (sq. ft) (°e) 

* 

w 

velocity of flow based on bulk temperature, Tg, ft/seo 
flow rate, Ib/sec 


X 

distance downstream of fla^-holder 

center line, ft 


a 

adsorptivlty, dimensionless 



e 

eanlsslvity, dimensionless 


-• 


l+6w 

pseudoemlsslvlty of the wall, ^ ■ ■ 

(0.9 for this afterburner) 



p, absolute viscosity, Ib/ft sec 

p wel^t density of combustion gas, Ib/cu ft 
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o 


hD 

X 


k 

CJl 

1 r 



Subscripts 


Stefan-Boltzman oonetant, 
Husselt ntnaber 
Erandtl number 
Eeynoldfl nuiab«E" 


0. 173X10-®, Btu/(lir) (sq. ft) (°E)^ 


a cooling air 

B,C,I),E,J,Gr ' stations along tlie oambustion-oliajnber length, 
f property evaluated at film teanperatux^ 

g gas or combustion chamber 

r radiation 

V coaibustion -chamber vail 

rc variable station 

0 flame -holder center line 

1 eihaust-nozzle exit . 
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Figure 1, - Schematic diagram of afterburner 
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WuBBelt number 



Figure 4 . - Correlation of convective beat-tranef er coefficient at station F 
for configuration A. Pbyeical propertieH of air evaluated at film tengpera- 
ture Tf ; themial conductivity proportional to average wall tem- 

perature 2^ j-j ISIO*^ B . 
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(a) CcmbuBtlon-gas temperature , approximately 2740 R, 



Distance along: diameter of burner, in. 


(c) Combustion-gas temperatiu?e , approximately 3155° R. 


Figure 5. - Transverse profiles of combust Ion -gas temperature at station P for configuration A. 



Hus 8 e It number 


NACA EM E52II11 


r 

Ssdiaust-gas 

Combustion-gas 


teDDperature 

temperature . 





(OR) 

(OR) 

o 

3845 

3520 

□ 

3435 

3165 j 

V 

3265 

3025 

O 

3240 

.2990 

A 

3060. .. 

2870 


Configuration 




■ — 


rd <U 

fli- 

o> 3 

H ^ a> 

« rP 


/ *- 0.1 □ 
- 0.034(p,V) ^ 


^(from reference 7) 




10^ 1.5 2 3 4 5 67 8, 9 10 

V^D 

Modified Reynolds numter^ 

Figure 6. - Correlation of convective heat -transfer coefficient at sta- 
tion F. Physical properties of air evaluated at film temperature Tj^; 
thermal conductivity proportional to -y/^} average vail temperature 
T 1510° B. 
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Figure 7. - Effect of fuel dlstrlbutlCMi on transverse profULes of oombustlon-j^s temperature at 
station P; combustion-gas temperature T- approximately 3000° H, 
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Figure 8. - Transverse profiles of coTnbustion-gaa_ pressure ratio at station F. 
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Flgura 9. - Continued. Variation of oottfblnod heet-transfer ooefflolant with jd^fferenoa. between teiBperaturea of combustion gee and 

combustion ohawbtr wall for confl^ratlon A* 
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Figure 10. - Variation of couiblned heat'-transfer coefficient with distance dovnfltream of flame 
holder for configuration A. Conilmstion-gafl flow, 22.3 pounda per second. 
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Figure 11.. - Varlatl-xJtt of trauB.v 
station F vlth burner-inlet tei 
22.3 poundjs per seWnd. 
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Figure 12. - Variation of overfall beat-transfer coefficient with masB-flov ratio for conflgu- 
rttion A. Inlet coollng-alr temperature, approxlnately 520^ R} ooabuBtl'oa-sas flow, 22.3 pounds 
per second. i 
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Figure 15. - Continued. Variation of the over-all heat transfer ooefflolent with the dlfferonoe between the ten^eratures of the 

oorabUBtldn gas and oombustlon ohamber wall for oonflguratlon A. 
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Figure 13. - Continued. Variation of the over-all heat tranefer coefficient with the difference between the temperaturea of the 

cofiOmstioii gas and ocndmatlon ohaoiber wall for' configuration A. 
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Figure 13, - Concluded. Variation of the over-all heat transfer coefficient with the difference between the temperature* of the 

combustion gas and combustion chamber wall for configuration K* 
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Figure 14. - Variation of over-all heat-transfer coefficient with distance downstream of fleime 
holder for configuration A. Combustion-gas flow, 22.3 pounds, per second. 
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